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a b s t r a c t 
Oxide dispersion strengthened (ODS) ferritic steels containing a high density of nanoscale clusters are 
produced by mechanical milling show excellent properties such as good irradiation swelling resistance 
and high-temperature creep strength. Mechanical milling with the aim of a ﬁne dispersion of oxides 
dissolves in the matrix. The inﬂuences of process parameters during mechanical milling of ODS ferritic 
steels are important for material properties. In this research we investigated different milling time for the 
morphology and properties of powders. The results show that the powders by a stainless steel grinding 
media are experienced three stages: the mean powder size increases ﬁrstly then decreases. With the 
extending of the milling time, the mean powder size increases again. Otherwise the grain size decreases 
initially and then reach a saturation value. The grain size of milled powders was maintained in nanoscale 
range by TEM observation. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Both Generation IV ﬁssion reactors and future fusion reactors
re facing challenge in terms of structural materials due to their
igh operating temperatures beyond 500 ◦C and an intensive irra-
iation of high-energy neutrons displacement damage which come
p to 200 displacements per atom (d.p.a.) [1,2] Nanostructured
erritic ODS alloy is a promising candidate for application as the
rst wall and blanket for such reactors because ODS steels ex-
ibit excellent high temperature mechanical properties [3–6] and
igh irradiation resistance, swelling and embrittlement compared
o other conventional heat resistant steels such as austenitic steels
7,8] . Sakasegawa et al . found that oxide particles aggregate to-
ether and coarsen during conventional casting processes due to
he low solubility limit of the oxides in metals [9] . Mechanical al-
oying (MA) was originally developed to produce Ni-based ODS al-
oys for application in the aerospace industry [10] . Recently ODS
teels have been investigated widely by utilizing this technique be-
ause MA has been used to fabricate particle reinforced compos-
te, which can produce uniform dispersion of nanosized oxides in∗ Corresponding author at: Key Laboratory for Anisotropy and Texture of Mate- 
ials, Ministry of Education, Northeastern University, Shenyang 110819, PR China. 
el.: + 81 08090016107. 
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352-1791/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article uhe metal matrix [11,12] . However, MA is a complex process that
reat energy and heavy deformation are introduced into the pow-
er particles. In order to achieve the desired performance-related
roperties, a high density of crystal defects such as dislocations
nd grain boundaries are created in the ODS steels [13,14] . Ukai
t al . and Uchida et al. found that adding group 4 elements, in-
luding titanium, zirconium, and hafnium in the nominal compo-
ition of Fe-13Cr-3W-0.5Y 2 O 3 (wt%) and Fe-9Cr- 0.35Y 2 O 3 (wt%)
DS steels which showed the formation of ﬁner oxide particles
ompared with other ordinary ODS steels without including such
inor elements [15,16] . These minor elements have a good aﬃn-
ty with oxygen [17] . ODS steels exhibit improved creep rupture
trength with Ti and Zr addition [15,17,18] . According to the ﬁrst
rinciple calculation results, the binding energy of Y-Zr-O clus-
er is higher than that of Y-Al-O and Y-Ti-O cluster in Fe matrix,
hich means that the Y-Zr-O phase is easier to form and more
table. Because the higher stability of these clusters may enhance
he nucleation rate and then decrease the size of these clusters
ith Zr addition [19–22] . These results imply that the addition of
he minor elements can enhance the mechanical properties of ODS
teels. The morphology, grain size distribution of the milled pow-
ers strongly depend on the process variables in mechanical al-
oying such as milling atmosphere, etc [23] . However, the study
n milling time on the microstructure and properties of precur-
or powders were rare. The main purpose of this research is to
evelop an ODS steel including the speciﬁcs of milling time on thender the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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f  morphology, grain size and Vickers-hardness of milled powders by
using X-ray diffraction (XRD), scanning electron microscopy (SEM),
hardness test method and transmission electron microscopy (TEM)
using a JEM-2010 operated at 200 kV. 
2. Experimental 
ODS ferritic steel powders with a nominal composition of Fe-
15Cr-2W-0.3Ti-0.3Zr-0.3Y 2 O 3 in wt.% were produced by MA of ele-
mental Fe ( < 10 μm in size), Cr (ca. 74 μm in size), W (ca. 74 μm in
size), Zr ( < 74 μm in size), and Ti ( < 48 μm in size) powders with
Y 2 O 3 (ca. 50 nm in size) particles. The steel powder was blended
with Y 2 O 3 for 5 min at 260 rpm and MA was carried out in a high
energy planetary mill (FRITSCH Pulverisette 5, Germany) for 0.5, 1,
8, 20, 40, 50 and 60 h at 260 rpm using stainless steel container
under an argon (99.9999%) atmosphere in order to avoid oxida-
tion of powders during ball milling. Ball to powder mass ratio
of 10:1 was maintained for all the milling operations. The mor-
phologies of milled powders were observed using scanning elec-
tron microscope (JEOL, Model: JSM-6510A). The mean powder size
of milled powders was estimated by LA-920 laser scattering parti-
cle size analyzer. The phase constitutions of milled powders were
determined by using X’Pert Pro X-raydiffraction (XRD), using Cu
K α radiation, scanning at a voltage of 40 kV, a current of 40 mA
and a speed of 2 ( °)/min and the diffraction angle (2 θ ) range of
all the measurement was restricted to 15–90 °. Crystallite sizes (D)
were calculated from the full wide at half (FWHM) of the most
intense line Bragg peak of the milled powders and the lattice
strain ( ε) of milled powders were estimated from XRD patterns
according to Scherrer formula after subtracting the widths due
to instrumental broadening and strain effects using the equation
[24] : Fig. 1. SEM images of ODS steel powders milled for (a) 5 min, (b) 1 W H M powders − F W H M instrumental = 
λ
D cos θ
+ 4 ε tan θ (1)
here D is the volume weighted crystallite size and ε is a strain
actor and λ is wave length of CuK α radiation (1.541 A˚), θ is the
ragg angle. The Vickers-hardness of milled powders was mea-
ured on 401MVDTM Vickers-hardness tester. The load value and
oading time were 0.01 N and 10 spots, respectively. TEM foils were
repared by means of a JEOL JIB-4600F focused ion beam (FIB)
o analyze the microstructures. For the observation of oxide par-
icles, a ﬁnal thinning of the foils was also performed using ﬂash
olishing at 20 V in a solution of 80%C 2 H 5 OH + 20%H 2 SO 4 at about
 °C after FIB preparation. The microstructure was characterized by
EOL JEM-2010 transmission electron microscopy (TEM) with an ac-
eleration voltage of 200 kV. 
. Results and discussion 
.1. Particle sizes and morphology 
Fig. 1 shows the SEM images of ODS powders at different
ime intervals, which distinctively exhibit the progressive changes
n morphology of mechanically alloyed particles. As shown in
ig. 1 (a), in the initial 5 min, most of powders maintain the original
hape, and only a small portion of alloy powders were ﬂattened.
he average size of the powders was about 9 μm. The ductile Fe-
r particles became ﬂat after milling 1 h due to the collisions be-
ween balls, powders and jar. After milling of 1 h, the average par-
icle size of disk-type particles reaches to the maximum (35 μm)
ue to the repeated ﬂattened and cold welding ( Fig. 1 (b)). The par-
icles became fragmented after milling 8 h due to dominated work
ardening and fracture as shown in Fig. 1 (d)). During the pro-
ess of milling, accumulated strain, work hardening and fracture by
atigue failure led to severe brittleness and the size became smaller h, (c) 4 h, (d) 8 h, (e) 12 h, (f) 20 h, (g) 40 h, (h)50 h, (i) 60 h. 
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Fig. 2. Particle size distribution of ODS steel powders as a function of milling time. 
Fig. 3. XRD patterns of ODS steel powders with different milling time. 
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Fig. 4. Grain size and lattice distortion of ODS steel powders with different milling 
time. 
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t  rom 20 h to 50 h. The particle size decreased from 14.5 μm to
.7 μm. After milling 60 h, the average powder size and morphol-
gy of alloy powders show no obvious change compared to 50 h
A powders. It can be inferred that the milling process is already
lose to steady-state equilibrium beyond 50 h milling. The mean
izes of powders with different milling time are shown in Fig. 2 .
he results obtained from the laser scattering particle size analyzer
re in good agreement with the SEM data. 
.2. XRD analysis 
The X-ray diffraction spectrums obtained from the milled pow-
ers with different time are shown in Fig. 3 . It can be seen that it
as diﬃcult to distinguish between Fe and Cr in X-ray diffraction
pectrums as their positions of reﬂection peaks are nearly close to
ach other and partially overlap. Therefore, the detection of solid
olubility of ODS powders can only be done by measuring changes
n the reﬂection peaks of W and Y 2 O 3. There is a peak at around
 θ = 29 ° after 5 min of milling which corresponds to the (222)
lane crystalline Y 2 O 3 . The intensity of this peak has disappeared
fter milling for 1 h. This result indicates that Y 2 O 3 particles have
issolved into the matrix, or the size became small and decom-
osed to yttrium and oxygen atoms after 1 h milling. With the in-
reasing of milling time, the peak of W gradually decreased until
isappear after 50 h milling. It is clear that the background signals
ecame stronger and the diffraction peak intensity decreases and
iffraction peak width increases with increasing of milling time,
ndicating grain reﬁnement and/or lattice strains increase. With the
ncreasing the milling time the peak position of α-(Fe, Cr) reﬂec-
ions slightly shifts to lower 2 θ angles, implying an increase the
attice parameter of Fe, which is consistent with Fe forming a solidolution with Cr or W. During the long time milling the particles
uffered severe plastic deformation that formed a high density of
efects associated with large local strains. 
.3. Crystallite size and lattice distortion analysis 
The variation of average crystallite size of ODS-15Cr steel pow-
ers estimated from XRD patterns using Scherrer equation as a
unction of milling time is shown in Fig. 4 . The crystallite size
hanged form 46.1 nm to 16.3 nm. The crystallite size was found to
ecrease rapidly during initial stages of milling after 50 h of milling
nd after 50 h milling and reaches a near steady state. The results
n Fig. 4 . also show that an increase in the lattice distortion with
ncreasing of milling time (about 0.56% for 50 h milling). This im-
lies that the mechanical milling not only reﬁnes the size of pow-
ers but also causes lattice strain and hence increases the number
f dislocations in the powder crystals. It is an established fact that
uring mechanical milling intense plastic deformation occurs, for
cc metals the cell structure form easily at slight deformation due
o the ease of cross slip and the cell size decreases and misorien-
ation angle increases with increasing of milling time [25] . With
ncreasing of milling time the rate of decrease is lower in cell size
ue to the two competitive processes viz., strain hardening and
ynamic recovery. The steady state means a balance between in-
rease in dislocation density due to strain hardening and dynamic
ecovery due to cross slip. 
.4. Vickers-hardness analysis 
Fig. 5 shows the effect of milling time on Vickers-hardness of
DS steel powders. The hardness increases with increasing milling
ime and tends to saturate after 50 h of milling. During MA large
ue to the strain accumulates, the hardness are much higher than
onventional cold working process [26] . During plastic deforma-
ion of bcc metals, cell structure is often observed at strains about
0%. MA often produces large strains that the sub-structure formed
ith ﬁne cells and relatively higher misorientation angles. The dis-
ocation density at cell boundaries is much higher than cell in-
eriors. The dislocation density increased rapidly with increasing
illing time due to the cell size decreased. Most of nano-clusters
ill impede the dislocation movement and further increase dislo-
ation density. Hardness of the particles increase with increasing
illing time attribute to the decrease in crystallite size just as was
xperimentally observed. Otherwise Baluc et al. [27] founded that
he defect or dislocation density saturation in the particles will
4 H. Xu et al. / Nuclear Materials and Energy 7 (2016) 1–4 
Fig. 5. Vickers-hardness of ODS steel powders as a function of milling time. 
Fig. 6. TEM images of ODS steel powders milled (a)TEM micrograph of grain size, 
(b) SAD pattern from 50 h milled powder, (c) TEM micrograph of nano-clusters. 
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 increase of Vickers-hardness. The presence of oxide will form of
fragmented ultra ﬁne nano-particles or in dissolved and reprecip-
itated state, which is also expected to the hardness. There are
no signiﬁcant changes in particle size and morphology for longer
milling time. 
3.5. TEM analysis 
Fig. 6 a shows the TEM bright ﬁeld morphology of the powders
milled for 50 h which are more uniform in nature. It is found that
the grain size of the fabricated powders were very ﬁne. The sizes
of the grain vary in the range of 10–40 nm which in accordance
with the result in Fig. 4 . Fig. 6 b shows the selected area diffraction
(SAD) pattern of the powder milled for 50 h using an aperture size
of 20 μm, so as to encompass suﬃcient number of grains. A ring
pattern is observed here indicating polycry-stalline nature and the
grain size is very ﬁne of the material. The rings are assigned vari-
ous (h k l) planes of bcc-Fe, marked as 1, 2, 3, 4 and 5 correspond-
ing to (110), (200), (211), (220), and (310) planes. Fig. 6 c shows the
nano-clusters are dispersed inside the grain and along the grain
boundary. It illustrates that dissolution of yttria dispersoid during
mechanical milling followed by reprecipitation due to high tem-
perature which were produced by mechanical milling. These nano-
clusters will enhance the mechanical property. . Conclusions 
The present research undertaken to elucidate the milling time
n the morphology, grain size and Vickers-hardness of milled pow-
ers has resulted in the following conclusions: 
Both the particle size and crystallite size of the ODS steel pow-
ers progressively decreases with increasing milling time until
eaching steady state after 50 h of milling. XRD spectra demon-
trate that disappearance of the W, Y 2 O 3 peak and all α-(Fe, Cr)
eﬂections exhibit broadening and intensity reducing with increas-
ng milling time which indicate grain reﬁnement and lattice strain
ncreases. 
The Vickers-hardness of milled ODS steel powders increased
apidly until reaching to steady-state equilibrium beyond 50 h
illing. The high hardness of the milled powders can be attributed
o the ﬁne crystallites and NCs. 
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